Early iron deficiency enhances stimulus-response learning of adult rats in the context of competing spatial information  by Schmidt, Adam T. et al.
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Iron  deﬁciency  early  in  life  results  in neurocognitive  deﬁcits  that  persist  into  adulthood
despite  iron  treatment.  The  hippocampus  is particularly  vulnerable  to  iron  deﬁciency  dur-
ing the  fetal  and  neonatal  periods  as evidenced  by  poorer  hippocampus-mediated  spatial
recognition  learning.  However,  the  extent  to  which  early  iron  deﬁciency  alters  interactions
between  hippocampus-based  and  extra-hippocampus  based  learning  systems  remains
undetermined.  The  present  study  used  an  ambiguous  maze-learning  task to examine  the
learning process  in  iron  sufﬁcient  young  adult  rats  that  had  recovered  from  iron  deﬁciency
in the  fetal  and  neonatal  period.  Animals  were  presented  with  a stimulus  response-learning
task  in the  context  of spatial  information;  a  procedure  designed  to elicit  competition
between  dorsal  striatum-  and  hippocampus-based  systems  respectively.  Formerly  iron
deﬁcient adult  rats  showed  enhanced  stimulus-response  learning  in  the  context  of  compet-
ing spatial/distal  cue information,  a ﬁnding  suggestive  of  reduced  hippocampal  functional
inﬂuence.  The  study  provides  evidence  that  early  iron  deﬁciency  alters  how  different  learn-
ing systems  develop  and  ultimately  interact  in  adulthood.  The  potential  unbalancing  of
activity  among  major  memory  systems  during  early  life  has  been  postulated  by others  as  a
relevant factor  underlying  the  developmental  origins  of  certain  psychiatric  disorders.
© 2011 Elsevier Ltd. All rights reserved.. IntroductionIron deﬁciency during the fetal and neonatal periods is
 consequence of common gestational conditions such as
evere  maternal iron deﬁciency, prematurity, gestational
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ippocampus; ID, iron-deﬁcient; P, postnatal day.
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oi:10.1016/j.dcn.2011.07.014diabetes mellitus, intrauterine growth restriction sec-
ondary to maternal hypertension and maternal cigarette
smoking (Siddappa et al., 2007; Rao and Georgieff, 2002).
Fetal  and neonatal (perinatal) iron deﬁciency adversely
affects neurodevelopment in humans, monkeys and rats
(DeBoer  et al., 2005; Beard et al., 2007; de Ungria
et al., 2000; Felt et al., 2006; Georgieff, 2008; Lozoff
et al., 2006; Golub et al., 2007). Within the developing
brain, the hippocampus appears particularly vulnerable
to iron deﬁciency in this time period (Georgieff, 2008).
Hippocampus-mediated recognition memory is altered in
iron-deﬁcient (ID) human newborn infants (Siddappa et al.,
2004),  a ﬁnding supported by rodent data that demonstrate
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that fetal/neonatal iron deﬁciency alters hippocampal
energy metabolism, neurochemistry, neurotransmission
and myelination (de Ungria et al., 2000; Rao et al., 2003,
2011), pyramidal neuron dendritic structure (Brunette
et  al., 2010) and electrophysiology (Jorgenson et al., 2005).
The  neurocognitive deﬁcits persist despite iron rehabilita-
tion  in humans (Lozoff et al., 2000; Riggins et al., 2009) and
in  rats (McEchron et al., 2008, 2005; Schmidt et al., 2007;
Youdim et al., 1989; Youdim and Topf, 2008). Speciﬁcally,
using the same dietary paradigm as in the current study,
we  have previously shown that formerly iron deﬁcient rats
make  more errors and take more days to reach criteria on
the  win-shift task in the eight-arm radial arm maze during
young  adulthood. The ﬁndings suggest signiﬁcant compro-
mise  of hippocampus-based spatial recognition memory
during young adulthood (Schmidt et al., 2007).
The hippocampus underlies recognition learning and
memory functions in both humans and animals. In animals,
the  hippocampus plays a critical role in spatial learning by
facilitating the formation of cognitive maps (Morris et al.,
1982;  Olton et al., 1979; White and McDonald, 2002) while
structures such as the dorsal striatum and amygdala are
critically involved in stimulus response learning and emo-
tional  learning respectively (Chorover and Gross, 1963;
Davis,  1992; Divac, 1968; Kluver and Bucy, 1939; McDonald
and  White, 1993; White and McDonald, 2002). In a previ-
ous  study, we demonstrated that formerly ID rats took 33%
longer  to learn, and made 73% more errors compared to
never  ID controls, on the hippocampus-mediated win-shift
task  (Schmidt et al., 2007). Conversely, they learned win-
stay  and conditioned place preference tasks that recruit
dorsal striatum and amygdala respectively as readily as
control  animals.
Although anatomic lesion studies can dissociate the
functional contributions of the hippocampus, dorsal stria-
tum,  and amygdala to learning behaviors, these structures
also acquire information in parallel and act in a cooper-
ative/competitive arrangement within the intact animal
(Packard et al., 1989; Packard and McGaugh, 1996; Poldrack
and  Packard, 2003). While these systems operate concur-
rently, rats initially tend to rely more on a hippocampal
strategy. For example, sham-lesioned animals initially
preferred a hippocampus-based learning strategy in a
“T-maze” task, but switched to a dorsal striatum-based
strategy after further training. (McDonald and White,
1993; Packard and McGaugh, 1996; Packard and Knowlton,
2002; Poldrack and Packard, 2003; White and McDonald,
2002). Conversely, Packard et al. (1989) found that ﬁmbria-
fornix  lesioned rats were more accurate than controls in
a  win-stay probe trial – suggesting that intact rats were
inhibited by hippocampal interference conducted through
the  ﬁmbria-fornix. Thus, an intact hippocampus appears to
initially  control behavioral responses, in part by attenuat-
ing  acquisition of tasks that are primarily based in other
neural circuitry.
Although our prior study demonstrated long-term per-
turbations in the acquisition of a hippocampus-mediated
behavior in adult rats following perinatal iron deﬁciency, it
did  not clarify this deﬁcit’s impact on the function of other
learning systems that depend on competition or cooper-
ation with the hippocampus (Schmidt et al., 2007). Thise Neuroscience 2 (2012) 174– 180 175
issue  was highlighted in a recent investigation showing
paradoxically facilitated delayed alternation performance
in  formerly ID adult rats (Schmidt et al., 2010). The delayed
alternation task recruits prefrontal systems, and the result-
ing  facilitation in the formerly ID animals was interpreted
as indirect evidence of hippocampal disruption as opposed
to  evidence of prefrontal facilitation per se. We  hypothe-
sized that animals with intact hippocampal function may
have  initially used an incorrect hippocampal strategy to
solve  the delayed alternation procedure. Conversely, for-
merly  ID adult rats did not have to overcome hippocampal
inhibition and solved the task more efﬁciently. Further, a
mouse  model that genetically targeted early iron deﬁciency
solely to the hippocampus demonstrated alterations in the
function  of extrahippocampal structures and a disruption
in  the balance between memory systems (Carlson et al.,
2010).
The  above studies hint at the potential for early iron
deﬁciency altering the interaction between learning sys-
tems,  but were either not initially intended to address
this question or, in the case of Carlson et al. (2010)
investigation, concerned genetically modiﬁed animals with
permanent  hippocampal iron deﬁciency whose patterns of
behavior  may  not be directly applicable to a more nat-
ural  circumstance such as dietary iron deﬁciency which
was  appropriately treated. The issue is important because
other research suggests that even subtle changes in the
balance between learning systems may  have long-term
repercussions for conditions such as learning disabilities
and developmental psychopathology (Carlson et al., 2010;
Insel  et al., 2008; Schmidt et al., 2010).
Using a dietary protocol that is intended to mimic
the degree of iron deﬁciency found in relatively common
human conditions such as prematurity, gestational dia-
betes  mellitus, and intrauterine growth restriction and
that  is the same as that used in our previous investi-
gations demonstrating morphological and physiological
alterations in the hippocampus (Brunette et al., 2010; de
Ungria  et al., 2000; Jorgenson et al., 2005; Rao et al., 2003,
2011),  we investigated how perinatal iron deﬁciency alters
the  balance between two distinct learning systems (i.e.,
based  primarily in either hippocampus or striatum cir-
cuitry)  in the adult animal. The present study uses an
ambiguous win-stay procedure in which the rat is offered
both  proximal and distal cue information and must choose
between competing strategies: the correct, rewarded prox-
imal  cue-based stimulus-response approach or an incorrect
distal  cue-based spatial learning approach. We  reasoned
that since stimulus response and spatial learning differ-
entially recruit speciﬁc brain structures (e.g., striatum
and hippocampus, respectively), it should be possible to
determine  whether the long-term negative effects on hip-
pocampus function caused by perinatal iron deﬁciency
(McEchron et al., 2005, 2008; Schmidt et al., 2007; Ben-
Shachar et al., 1986; Youdim et al., 1989; Youdim and
Topf, 2008) alters how these learning systems interact at
adulthood. Reduced hippocampus output due to long term
structural  and neurochemical abnormalities in that region
would  be expected to tip the balance toward solving the
ambiguous maze using a striatum-based cue-based strat-
egy.  Thus, we hypothesized that the long-term anatomic
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nd electrophysiologic disruptions that characterize the
ormerly  ID hippocampus (Jorgenson et al., 2005; Brunette
t  al., 2010) will enable formerly ID rats to acquire the
mbiguous win-stay task more rapidly secondary to release
f  hippocampal inhibition.
.  Materials and methods
All  procedures were approved by the Institutional Ani-
al  Care and Use Committee and complied with the
ational Institutes of Health policies on the use of animals
n  research.
.1. Animal preparation
A  total of 66 male Sprague-Dawley rats from 12
eparate litters were used in this study. Pregnant Sprague-
awley dams were purchased (Charles River Laboratories,
ilmington, MA)  and housed individually in Plexiglas
ages in a humidity-controlled room maintained at 20 ◦C.
even  dams were started on a low-iron diet [Formula
D 80396, Harlan-Teklad, Madison, WI;  elemental iron
oncentration: 3–6 mg/kg] upon arrival on gestational
ay 2 as previously described (Rao et al., 2003). This
ow-iron regimen continued throughout the rest of ges-
ation  until postnatal day P7, and was followed by an
ron-supplemented diet (Teklad 4% Mouse/Rat Diet 7001,
arlan-Teklad; elemental iron concentration: 198 mg/kg)
ntil  the day of the experiments. This dietary model
nduces a similar degree of brain iron deﬁciency as found
n  humans (Petry et al., 1992; Rao et al., 2003). Five dams
ere  maintained on the iron-supplemented diet through-
ut  gestation and postnatal periods to produce the control
ats.  Dams were allowed to deliver spontaneously and the
itter  size was  limited to 8 by culling on P2. Some rats
5  per group) were killed on P7 to determine brain iron
oncentration. The rest were weaned on P21 to the iron-
upplemented diet and allowed to reach adulthood. A total
f  21 rats were used for blood and tissue iron assay. A sep-
rate  set of 45 rats was studied using behavioral measures.
.2.  Determination of brain iron concentration
Rats (n = 5–7 per group on P7 and P56) were deeply
nesthetized using sodium pentobarbital (100 mg/kg IP).
 blood sample was collected for determining hematocrit
efore rats underwent in situ transcardial perfusion with
ormal  saline. The brain was collected, ﬂash frozen and
tored  at −80 ◦C. Brain water content was determined by
eighing the brain before and after lyophilization for 72 h
Rao  et al., 2003). Brain iron concentration was assayed
sing atomic absorption spectroscopy and expressed as g
f  elemental iron per gram wet-tissue weight.
.3. Behavioral testing
.3.1.  Apparatus
The  radial arm maze consisted of an octagonal center
latform (measuring 40 cm in diameter) and eight protrud-
ng  arms, each measuring 50 cm × 11 cm.  The entrance to
ach  arm measured 23 cm high and sloped down to 3 cm toe Neuroscience 2 (2012) 174– 180
ensure  visibility of extra-maze stimuli. At the end of each
arm  was  a food well measuring 0.5 cm in diameter.
2.3.2.  Procedure
The  general procedure has been previously described
and is brieﬂy outlined here (Schmidt et al., 2007). To ensure
motivation to complete the task, rats were placed on a
restricted diet from P56, which maintained their body
weight at 80–85% of their prior weight for the rest of the
study.
Two  days prior to training, rats were placed in the maze
for  5 min  each day to habituate them to the environment.
No arms were cued or baited during habituation. At this
time,  rats were also introduced to fruit punch-ﬂavored pel-
lets  (45 mg, Research Diets Inc., New Brunswick, NJ) in their
home  cages.
The  maze was intentionally located in a testing room
containing numerous extra-maze cues such as posters, a
cabinet,  table, lamp and two  experimenters. Training com-
menced  at P65 and consisted of one trial per day. Four of
the  eight arms were randomly baited per trial, with no
more  than two consecutive arms baited. The conﬁguration
changed each day and was the same for every rat. Baited
arms were marked by placing a 7.6 cm × 12.7 cm black and
white-lined card at the entrance of the arm. Rats were
placed in the center of the maze at the beginning of each
trial.  After retrieving the food reward from an arm, the arm
was  re-baited upon the rat’s exit and the cue remained in
place.  When a rat retrieved a reward from an arm a second
time,  the cue was removed and the arm was not re-baited.
The  maze and cue cards were thoroughly cleaned to remove
possible odor cues after each trial.
Entry into any non-cued arm (whether it had been
previously baited) was considered an error. Each rat was
given  a maximum of 10 min  to retrieve all eight rewards.
Rats were trained daily until meeting criterion which was
deﬁned  as retrieving all eight rewards and making two or
fewer  errors on two consecutive days of training. All rats
successfully met  the criterion.
2.4.  Statistical analysis
Data  were statistically analyzed using independent
samples t tests. For behavioral tests, the days to criterion,
the number of errors before reaching criterion, the types
of  errors committed before reaching criterion and the total
time  to complete the task on the criterion days were used as
the  dependent variables. Two-tailed independent samples
t  tests were utilized for the behavioral tests. Data are rep-
resented as mean ± SEM. A p value <0.05 was  considered
statistically signiﬁcant.
3.  Results
The body weight, brain weight, brain water content and(Table  1). The brain iron concentration in the ID group
was  44% of the control group on P7 (2.44 ± 0.06 g/g tis-
sue  vs. 5.58 ± 0.30 g/g tissue) [t(8) = 7.12, p = 0.0001], but
had  fully recovered on P56 (Table 1).
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Table 1
Body  weight, hematocrit, and brain weight, water content and iron concentration in postnatal day 56 rats in the control and formerly iron-deﬁcient groups.
Control Formerly iron-deﬁcient p-Value
Body weight (g) 240 ± 17 223 ± 10 0.47
Hematocrit (%) 47 ± 1 48 ± 1 0.76
Brain weight (mg) 1.16 ± 0.02 1.04 ± 0.02 0.27
Brain water content (%) 80 ±  0.5 80 ±  0.5 0.94
Brain iron concentration (g/g wet tissue wt)  7.94 ±  0.45 7.60 ±  0.20 0.56
 5–7 pe
cient  group. Third entry errors during the second 7 days
were  low in number and similar between the groups (for-
merly  ID: 0.60 ± 0.07 vs. control: 0.74 ± 0.14 errors per trial
day)  [t(43) = 0.83, p = 0.41, Fig. 1B].Mean ± SEM, n = 10–16 per group for body weight and hematocrit, and n =
different between the groups.
3.1. Behavioral performance
The  formerly ID rats acquired the win-stay task ear-
lier  and more efﬁciently than the control rats. Speciﬁcally,
they required fewer days to reach criterion (formerly ID:
13.1  ± 0.9 days vs. control: 16.1 ± 0.9 days) [t(43) = 2.24,
p  = 0.03] and made 14.5% fewer errors prior to reaching
criterion, than the control rats (formerly ID: 74.7 ± 4.4
errors  vs. control: 87.4 ± 5.8 errors) [t(43) = 1.79, p = 0.08].
Moreover, there was no difference in terms of the amount
of  time each rat took to complete the task on the days
it  met  criterion (formerly ID: 102.29 ± 0.13 s vs. control:
104.67 ± 0.29 s) [t(43) = 0.15, p = 0.88]. The lack of timing
differences suggests that motivation and sensory-motor
systems were equal in both groups and did not account for
the  performance differences that were observed between
the  groups.
The  average time to reach criteria for the two groups
combined was 14.6 ± 0.9 days. In order to characterize the
timing  of the errors committed in the ﬁrst 14 days, we
divided the period into two epochs; the ﬁrst 7 and the sec-
ond  7 days of training. Examining performance during this
portion  of training allowed us to identify the behavior of
most  individual animals in both groups, conserve statisti-
cal  power, and reduce the likelihood for type one error by
minimizing the number of comparisons. In order to char-
acterize the type of errors committed in the ﬁrst 14 days,
we  subdivided the errors into those due to entering a never
baited  arm and those due to entering a baited arm for the
third  time. Overall, errors secondary to entry into never
baited arms were more common in both groups.
In the ﬁrst seven days, despite having relatively similar
numbers of total errors (formerly ID: 7.63 ± 0.5 vs. con-
trol:  7.17 ± 0.4 errors per trial day) [t(43) = −0.68, p = 0.5,
Fig.  1A], the formerly ID group committed signiﬁcantly
more errors by returning to the baited arm for the third
time despite the fact that the cues had been removed
(third error entries: formerly ID: 1.41 ± 0.15 vs. control:
1.06 ± 0.12 errors per trial day) [t(43) = −2.02, p = 0.05,
Fig. 1B]. Both groups displayed similar numbers of errors
due  to entries into arms that were never baited (formerly
ID: 6.19 ± 0.42 vs. control: 6.11 ± 0.08 errors per trial day)
[t(43)  = −0.14, p = 0.89, Fig. 1C].
During the second seven days, the formerly ID group
made signiﬁcantly fewer errors overall than control ani-
mals  (formerly ID: 3.39 ± 0.3 vs. control: 4.77 ± 0.43 errors
per  trial day) [t(43) = 2.24, p = 0.03, Fig. 1A]. This was largely
due  to a persistently higher rate of never baited arm entries
in  the control animals (formerly ID: 2.8 ± 0.24 vs. con-
trol:  3.8 ± 0.39 errors per trial day) [t(43) = 2.04, p = 0.048,r group for each brain parameter. None of the parameters is signiﬁcantly
Fig.  1C]. As seen in Fig. 1C, the frequency of never baited
arm errors began to decline in the formerly ID group on
day  7 and reached baseline on day 10. In contrast, this
decline started later (i.e., on day 8) and continued longer
(until day 14) before reaching baseline in the iron sufﬁ-Fig. 1. Mean ± SEM total errors (panel A), 3rd entry errors (panel B) and
never baited arm errors (panel C) committed by the formerly iron deﬁcient
(ID) and always iron sufﬁcient (IS) groups in the ﬁrst 14 days of training.
*Signiﬁcant difference on a given day between IS and ID at p < 0.05.
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. Discussion
Young adult rats exposed to iron deﬁciency during fetal
nd  neonatal life (i.e., beginning shortly following con-
eption and continuing for one week after birth) exhibit
ccelerated acquisition of a stimulus response task within
he  context of spatial information. These alterations in
earning  strategies that persist at least into early adulthood
uggest reduced hippocampal functional inﬂuence within
his  group. They also provide evidence that early iron
eﬁciency alters how different learning systems develop
nd  ultimately interact in formerly ID young adult ani-
als  in spite of iron treatment beginning in the neonatal
eriod.
We,  and others, have previously directly assessed
ippocampus-based recognition memory function in for-
erly  ID rats and found signiﬁcant persistent abnormalities
n  adulthood (McEchron et al., 2008, 2005; Schmidt et al.,
007;  Ben-Shachar et al., 1986; Youdim et al., 1989;
oudim and Topf, 2008; Felt and Lozoff, 1996). Rather than
e-demonstrating such long-term abnormalities by testing
he  animals on a straightforward hippocampus-dependent
patial recognition memory task, we chose in this study to
xplore  a more complex behavior that assesses the com-
etition between various memory systems since optimal
ognitive development and subsequent performance relies
n  the interactions between memory systems (White and
cDonald, 2002). We  reasoned that dampening of one
nput  system (i.e., the hippocampus) results in dominance
f  another system (i.e., the dorsal striatum), and results in
ong-term  behavioral ramiﬁcations from disruption of the
alance  between these two systems (Lisman and Grace,
005).
Previous studies in animals demonstrate that the hip-
ocampal system is preeminent in the processing of distal
patial  information (McDonald and White, 1993; Morris
t  al., 1982) while the dorsal striatum plays a relatively
reater role in the processing of proximal cue information
Chorover and Gross, 1963; McDonald and White, 1993).
s  such, we hypothesized that hippocampal activation
ompetes with striatal processing subsequently interfering
ith  the rats employing the appropriate stimulus response
trategy and resulting in attenuated acquisition of the task.
n  contrast, within the context of spatial information, for-
erly  ID rats acquired the stimulus response task faster
han  the control rats. We  speculate that the deﬁcits in hip-
ocampus function in those animals (Ben-Shachar et al.,
986;  McEchron et al., 2008, 2005; Schmidt et al., 2007;
oudim et al., 1989; Youdim and Topf, 2008), mediated by
ong-term  alterations in hippocampal structure, physiol-
gy,  and neurochemistry (Georgieff, 2008; Brunette et al.,
010;  Jorgenson et al., 2005; Rao et al., 2003, 2011), caused
ormerly ID rats to be less susceptible to hippocampal inter-
erence  during the task. As a result, formerly ID animals
xhibited a more rapid acquisition of the win-stay task than
he  control group. Of note, the lack of differences in terms
f  time to complete the maze on the days the rats met
riterion suggests that our ﬁndings were not merely the
esult  of increased motivation or hyperactivity on the part
f  the formerly ID animals, but were actually indicative of
ifferences in task acquisition.e Neuroscience 2 (2012) 174– 180
These  results contrast with those obtained in a previous
investigation (Schmidt et al., 2007). In that study, we found
no  signiﬁcant difference between formerly ID animals and
controls  on a win-stay task. However, the major difference
between these two experiments involved the parameters
of  the task. Although the 2007 investigation used a win-
stay  task with exactly the same dietary manipulation, the
same  type of proximal cues, and the same criterion for
successful task completion, the animals were deprived of
extra-maze cues in the testing environment by conceal-
ing  the maze apparatus behind a black curtain. In contrast,
the  current procedure provided animals with substan-
tial extra-maze spatial information, which was designed
to  activate hippocampal processing of the cues and thus
compete and potentially interfere with the proximal cue
information. We  speculate that this additional informa-
tion, which was not useful for solving the task, resulted in
the  control animals (i.e., those animals considered to have
intact  long-term hippocampal function) performing more
poorly  than the ID group, whose hippocampal function is
impaired.
These  differences between task acquisition in the
current and Schmidt et al. (2007) study provide some addi-
tional  support for our proposed explanation of decreased
hippocampal interference in the formerly ID animals lead-
ing  to their faster acquisition of the win-stay task. The
win-stay procedure used in the previous study (Schmidt
et  al., 2007) was  more typical of procedures used to inves-
tigate stimulus-response learning in the win-stay task.
That  is, depriving the animals of extra maze information
from the outset forced the subjects to rely only on prox-
imal or egocentric information in order to perform the
task.  Under those conditions, the formerly ID and control
animals acquired the task in relatively the same man-
ner  at essentially the same rate. In the current study,
extra-maze or distal spatial information was made avail-
able  to the animals; however, it could not be used to
solve the task. Although it is possible that animals could
have  relied on spatial information after an initial entry
into  a baited arm, reliance on extra-maze spatial informa-
tion  continued to be a less direct strategy for solving the
task.
The  ﬁndings that the two groups made different types
of  errors during different epochs of training was also of
interest and supports the concept that the animals were
using  different strategies supported by differential inputs
from  brain structures. The ﬁnding of signiﬁcantly more
third  entry errors in the ﬁrst half of training by the for-
merly ID animals suggests that this group behaved as if it
had  acquired a single, simple strategy learning rule gov-
erning  the task before the control animals (e.g., do not
enter any arm that was not designated by the presence
of a cue card). These types of errors would be expected
in the ﬁrst week, and indeed there were virtually no such
errors  in either group in the second week. The persistence
of signiﬁcantly more never baited arm errors by the con-
trol  animals during the second half of training is consistent
with the hypothesis that control animals tended to ini-
tially  prefer a strategy relying on distal spatial information
whereas formerly ID rats tended to prefer a strategy relying
on  proximal cue information. Thus, this initial preference
 CognitivA.T. Schmidt et al. / Developmental
by the iron sufﬁcient group resulted in an approximately
one-day delay in the onset of reduction of these errors.
Moreover, the control group tended to persist with this ini-
tial  ineffective strategy. Once the reduction in these errors
began,  it took 4 days longer for the control group to reduce
these  errors to baseline. This perseverance suggests ongo-
ing  interference, possibly driven by hippocampal activity.
The  fact that these differences in response pattern did not
emerge  until the second week of training is not surprising
given the signiﬁcant variability in performance and num-
bers  of errors in both groups during the initial portion of
training.
The  present study has some potential limitations. First,
while  we speculate that the distal cues were more interfer-
ing  to the control rats, it is not known to what extent the
rats  were actually attentive to or distracted by the extra-
maze  stimuli. The differences between the current study
and  our previous investigation (Schmidt et al., 2007) and
the  different error patterns between formerly ID and con-
trol  animals suggest that control rats were more attentive
to  the extra maze cues for a longer period of time thereby
delaying their acquisition of a stimulus response rule.
This  assertion cannot be completely substantiated by the
present  data. As such, it may  be desirable for future stud-
ies  to incorporate a probe trial, similar to that of Packard
et  al. (1989) to assess the rats’ attention to distal and prox-
imal  cues. Second, the ﬁndings presented here are likely
not  indicative of all models of early iron deﬁciency. That is,
the  model of ID in this study purposely parallels the timing
and  degree of late fetal/early postnatal iron deﬁciency in
human  infants (Petry et al., 1992; Rao et al., 2003). Different
models of iron deﬁciency that vary its timing, degree and
duration may  well result in different patterns of anatomic,
neurochemical, and behavioral ﬁndings.
Despite formerly ID animals performing better in the
present study, the current ﬁndings suggest long-term
alterations in the interactions between learning systems
induced by perinatal iron deﬁciency. Further, it is plau-
sible  that, within a naturalistic environment, a greater
reliance on stimulus response learning would not con-
fer  and adaptive advantage. Therefore, the present results
add  to a considerable body of evidence demonstrating the
long-term behavioral and cognitive changes that occur
secondary to early iron deﬁciency, and underscore the
importance of prevention, particularly in those populations
at  greatest risk for this common condition.
Conﬂict of interest
No  conﬂicts of interest.
Acknowledgements
The  authors thank Claire Anderson for assistance with
manuscript preparation.Supported  by NIH grants RO1 HD29421, P41 RR008079
and P30 NS057091, by a NSF Graduate Research Fellowship
and  Facilitation Award, and by an undergraduate research
grant  from the University of Minnesota.e Neuroscience 2 (2012) 174– 180 179
References
Beard, J.L., Unger, E.L., Bianco, L.E., Paul, T., Rundle, S.E., Jones, B.C., 2007.
Early postnatal iron repletion overcomes lasting effects of gestational
iron deﬁciency in rats. J. Nutr. 137 (May (5)), 1176–1182.
Ben-Shachar, D., Ashkenazi, R., Youdim, M.,  1986. Long term consequences
of early iron-deﬁciency on dopaminergic neurotransmission. Int. J.
Dev. Neurosci. 4, 81–88.
Brunette,  K.E., Tran, P.V., Wobken, J.D., Carlson, E.S., Georgieff, M.K.,
2010. Gestational and neonatal iron deﬁciency alters apical dendrite
structure of CA1 pyramidal neurons in adult rat hippocampus. Dev.
Neurosci. 32, 238–248.
Carlson,  E.S., Fretham, S.J., Unger, E.L., O’Connor, M.B., Petryk, A., Schallert,
T., Rao, R., Tkac, I., Georgieff, M.K., 2010. Hippocampus speciﬁc iron
deﬁciency alters competition and cooperation between developing
memory systems. J. Neurodev. Disord. 2, 133–140.
Chorover, S.L., Gross, C.G., 1963. Caudate nucleus lesions: behavioral
effects in the rat. Science 141, 826–827.
Davis, M.,  1992. The role of the amygdala in fear and anxiety. Annu. Rev.
Neurosci. 15, 353–375.
DeBoer,  T., Wewerka, S., Bauer, P.J., Georgieff, M.K., Nelson, C.A., 2005.
Explicit memory performance in infants of diabetic mothers at 1 year
of  age. Dev. Med. Child Neurol. 47 (8), 525–531.
de Ungria, M., Rao, R., Wobken, J.D., Luciana, M.,  Nelson, C.A., Georgieff,
M.K., 2000. Perinatal iron deﬁciency decreases cytochrome C oxidase
(CytOx) activity in selected regions of neonatal rat brain. Pediatr. Res.
48 (2), 169–176.
Divac,  I., 1968. Functions of the caudate nucleus. Acta Neurobiol. Exp.
(Warsz) 28, 107–120.
Felt,  B.T., Beard, J., Schallert, T., Shao, J., Aldridge, J.W., Connor, J.R.,
Georgieff, M.K., Lozoff, B., 2006. Persistent neurochemical and behav-
ioral abnormalities in adulthood despite early iron supplementation
for perinatal iron deﬁciency anemia in rats. Behav. Brain Res. 171,
261–270.
Felt, B.T., Lozoff, B., 1996. Brain iron and behavior of rats are not normalized
by treatment of iron deﬁciency anemia during early development. J.
Nutr. 126 (3), 693–701.
Georgieff,  M.K., 2008. The role of iron in neurodevelopment, fetal iron
deﬁciency and the developing hippocampus. Biochem. Soc. Trans. 36,
1267–1271.
Golub, M.S., Hogrefe, C.E., Germann, S.L., 2007. Iron deprivation during
fetal development changes the behavior of juvenile rhesus monkeys.
J. Nutr. 137 (April (4)), 979–984.
Insel,  B.J., Schaefer, C.A., McKeague, I.W., Susser, E.S., Brown, A., 2008.
Maternal ID and the risk of schizophrenia in offspring. Arch. Gen.
Psychiatry 65, 1136–1144.
Jorgenson,  L.A., Sun, M.,  O’Connor, M., Georgieff, M.K., 2005. Fetal iron
deﬁciency disrupts the maturation of synaptic function and efﬁcacy
in area CA1 of the developing rat hippocampus. Hippocampus 15 (8),
1094–1102.
Kluver, H., Bucy, P.C., 1939. Preliminary analysis of functions of the tem-
poral lobes in monkeys. Arch. Neurol. Psychiatry 4, 979–1000.
Lisman,  J.E., Grace, A.A., 2005. The hippocampal-VTA loop: controlling
the entry of information into long-term memory. Neuron 46, 703–
713.
Lozoff, B., Beard, J., Connor, J.R., Barbara, F., Georgieff, M.K., Schallert, T.,
2006. Long-lasting neural and behavioral effects of iron deﬁciency in
infancy. Nutr. Rev. 5 (pt 2), 34–43.
Lozoff, B., Jimenez, E., Hagen, J., Mollen, E., Wolf, A.W., 2000. Poorer behav-
ioral and developmental outcome more than 10 years after treatment
for iron deﬁciency in infancy. Pediatrics 105 (4), E51.
McDonald, R.J., White, N.M., 1993. A triple dissociation of memory sys-
tems: hippocampus, amygdala, and dorsal striatum. Behav. Neurosci.
107 (1), 3–22.
McEchron, M.D., Alexander, D.N., Gilmartin, M.R., Paronish, M.D., 2008.
Perinatal nutritional iron deﬁciency impairs hippocampus-dependent
trace eyeblink conditioning in rats. Dev. Neurosci. 30, 243–254.
McEchron,  M.D., Cheng, A.Y., Liu, H., Connor, J.R., Gilmartin, M.R.,
2005. Perinatal nutritional iron deﬁciency permanently impairs
hippocampus-dependent trace fear conditioning in rats. Nutr. Neu-
rosci. 8 (3), 195–206.
Morris,  R.G., Garrud, P., Rawlins, J.N., O’Keefe, J., 1982. Place naviga-
tion impaired in rats with hippocampal lesions. Nature 297 (5868),
681–683.Olton, D.S., Becket, J.T., Handelmann, G.E., 1979. Hippocampus, space, and
memory. Behav. Brain Sci. 2, 313–365.
Packard, M.G., Hirsh, R., White, N.M., 1989. Differential effects of fornix
and caudate nucleus lesions on two radial maze tasks: evidence for
multiple memory systems. J. Neurosci. 9 (5), 465–472.
1  Cognitiv
P
P
P
P
R
R
R
R80 A.T. Schmidt et al. / Developmental
ackard, M.G., Knowlton, B.J., 2002. Learning and memory functions of the
basal  ganglia. Annu. Rev. Neurosci. 25, 563–593.
ackard, M.G., McGaugh, J.L., 1996. Inactivation of hippocampus or
caudate nucleus with lidocaine differentially affects expression of
place and response learning. Neurobiol. Learn. Mem.  65 (1), 65–
72.
etry, C.D., Eaton, M.A., Wobken, J.D., Mills, M.M.,  Johnson, D.E., Georgieff,
M.K., 1992. Iron deﬁciency of liver, heart, and brain in newborn infants
of diabetic mothers. J. Pediatr. 121, 109–114.
oldrack, R.A., Packard, M.G., 2003. Competition among multiple mem-
ory systems: converging evidence from rat and human brain studies.
Neuropsychologia 41 (3), 245–251.
ao, R., Georgieff, M.K., 2002. Perinatal aspects of iron metabolism. Acta
Paediatr. Suppl. 91 (438), 124–129.
ao, R., Tkac, I., Schmidt, A.T., Georgieff, M.K., 2011. Fetal and neonatal iron
deﬁciency causes volume loss and alters neurochemical proﬁle of the
adult rat hippocampus. Nutr. Neurosci. 14 (2), 59–65.
ao,  R., Tkac, I., Townsend, E.L., Gruetter, R., Georgieff, M.K., 2003. Perinatal
iron deﬁciency alters the neurochemical proﬁle of the developing rat
hippocampus. J. Nutr. 133 (10), 3215–3221.
iggins, T., Miller, N.C., Bauer, P.B., Georgieff, M.K., Nelson, C.A., 2009.
Consequences of low neonatal iron status due to maternal diabetes
mellitus on explicit memory performance in childhood. Dev. Neu-
ropsychol. 34, 762–779.e Neuroscience 2 (2012) 174– 180
Schmidt, A.T., Ladwig, E.K., Wobken, J.D., Grove, W.M.,  Georgieff, M.K.,
2010. Delayed alternation performance in rats following recovery
from early iron deﬁciency. Physiol. Behav. 101, 503–508.
Schmidt, A.T., Waldow, K.J., Salinas, J.A., Grove, W.M.,  Georgieff, M.K.,
2007. Dissociating the long-term effects of the fetal/neonatal iron
deﬁciency on three types of learning in the rat: relationship to hip-
pocampal, striatal, and amygdaloidal function. Behav. Neurosci. 121,
475–482.
Siddappa, A.J., Rao, R., Long, J.D., Widness, J.A., Georgieff, M.K., 2007.
The assessment of newborn iron stores at birth: a review of the lit-
erature and standards for ferritin concentrations. Neonatology 92,
73–82.
Siddappa, A.J.M., Georgieff, M.K., Wewerka, S., Worwa, C., Nelson, C.A.,
Deregnier, R.A., 2004. Iron deﬁciency alters auditory recognition
memory in newborn infants of diabetic mothers. Pediatr. Res. 55 (6),
1034–1041.
White, N.M., McDonald, R.J., 2002. Multiple parallel memory systems in
the  brain of the rat. Neurobiol. Learn. Mem. 77 (2), 125–184.
Youdim,  M.B.H., Ben-Shachar, D., Yehuda, S., 1989. Putative biological
mechanisms of the effect of iron-deﬁciency on brain biochemistry and
behavior. J. Clin. Nutr. 60, 607–617.
Youdim, M.B.H., Topf, E., 2008. Brain iron deﬁciency and excess, cognitive
impairment and neurodegenration with involvement of striatum and
hippocampus. Neurotox. Res. 14 (1), 45–56.
